The U
INTRODUCTION
The Office of Transportation and Air Quality (OTAQ) of the U.S. EPA is evaluating progress in the development and application of NOx exhaust emission control systems for heavy-duty diesel trucks, buses, and lightduty diesel vehicles. This evaluation will assess progress towards meeting new U.S. Federal Heavy-duty Engine emissions standards for heavy-duty buses and trucks that begin to phase-in for model year 2007. In addition, light-duty diesel technology evaluation provides information to EPA on progress being made to introduce clean, fuel-efficient diesel technology that can meet new U.S. Federal Light-duty Tier 2 emission standards that are now beginning to phase-in for passenger vehicles. This report summarizes testing conducted at the U.S. EPA-NVFEL with light-duty diesel passenger vehicles incorporating recently developed technology to control NOx and PM emissions to very low levels.
TEST PROCEDURES

VEHICLE DESCRIPTION
The vehicles tested were developmental-prototype, lightduty diesel vehicles provided to EPA for testing by four vehicle manufacturers and one automotive development and systems integration firm. EPA has preserved the anonymity of one of the vehicles that participated in the technology evaluation at the request of the manufacturer. The letter-names (A-E) assigned to the vehicles during testing also designated the order in which the vehicles were tested, beginning with Vehicle-A in April 2002 and concluding with Vehicle-E in October 2003. The vehicles tested included three small station wagons (Vehicles A, B, and E), a mid-size passenger car (Vehicle-C), and a compact car (Vehicle-D). Results for Vehicle-A have been previously published. 1 Vehicle specifications are summarized in Table 1 .
Vehicle-D was provided to EPA by the National Renewable Energy Laboratory for testing as part of the U.S. Department of Energy (U.S. DOE) Advanced Petroleum-based Fuels -Diesel Emission Control (APBF-DEC) program.
The vehicle's engine and emission control systems design and integration were implemented by FEV Engine Technology. Vehicle specifications, engine control and calibration, and additional emissions data for Vehicle-D are described in detail in a separate paper. 2 For the other vehicles tested, many of the specific engine and emission control system and calibration details were considered proprietary and confidential by the manufacturers due to the developmental nature of these vehicles. The manufacturer of Vehicle-A has published extensively on the development of the engine and emission control systems used on this vehicle. 3, 4, 5 All of the vehicles tested should be considered part of a "first generation" in the development of clean diesel vehicles.
The vehicles had common engine technologies (cooled EGR, high-pressure fuel injection, multi-valve turbocharged DI diesel engines, electronic engine management systems), but a range of control strategies for both the engines and the exhaust emission control systems were represented among these vehicles. Vehicle-D was the only vehicle tested that used a NOx-sensor for closed loop NOx regeneration control. The NOx regeneration strategies for Vehicles-A and E were proprietary, but did not include use of NOx sensors. Vehicles B and C used relatively simple, timerbased NOx regeneration approaches.
Vehicles A through D were tested with relatively new emission control system hardware (<4,000 miles).
Vehicle-C was also tested using an aged (equivalent of approximately 60,000 miles) emission control system. Vehicles A and E used "advanced combustion concepts" to control emissions under certain operating conditions, and to control exhaust composition during NOx regeneration or other periodic events necessary to maintain emission control system performance. In the case of Vehicle-E, any further details with respect to specific modes of engine operation were considered proprietary by the manufacturer. In the case of Vehicle-A, the use "low-temperature-combustion" (LTC) operating modes and other engine calibration details have been previously published by the manufacturer.
3,4,5
Use of LTC allowed the vehicle to operate at light loads and low to moderate engine speeds at nearstoichiometric conditions with very low engine-out smoke levels. 4 Depending on engine operating conditions, combinations of exhaust port injection and either LTC or "normal" combustion were used with Vehicle-A to accomplish de-NOx, de-SOx, or forced PM regeneration events. Vehicle-E was only tested in a configuration with the emission control system aged to an equivalent of 50,000 miles. The specific aging protocols for the emission control systems were considered proprietary by both manufacturers that provided such systems. Both sets of protocols included accumulation of desulfurization and forced PM regeneration events comparable to the stated equivalent mileage accumulation, but no further details have been provided on the aging protocols. Emission control system aging protocols, particularly accelerated aging protocols, are typically correlated to data obtained from in-use fleet mileage accumulation in order to adequately predict emission control system deterioration to a target vehicle mileage. 
TEST FUEL
Test fuel properties are summarized in Table 2 . The fuel used during the testing of Vehicle-A has been previously described. 1 All of the test fuels had low sulfur content (<15 ppm). The fuels for Vehicles A, D, and E were formulated to the fuel specifications used in the U.S. DOE APBF-DEC program. The fuels for these vehicles are similar to the current Federal specifications for lightduty vehicle certification-grade diesel fuel in most cases, with two exceptions:
1. reduced fuel sulfur content made necessary by the emission control systems 2. slightly higher cetane number
The aromatic content of the fuel for Vehicles B, D and E was slightly lower than current certification fuel specifications.
Fuels similar to Swedish Class-1 ultra-low sulfur diesel fuel were used for Vehicles B and C. The fuels were provided by the manufacturers of these vehicles and the manufacturers requested that only these fuels be used during testing of their vehicles by EPA. The fuels for Vehicles B and C had very low aromatic content and high cetane number.
DRIVE CYCLES
The vehicles were tested using the full range of chassis dynamometer test cycles required for Tier 2 certification. This included the FTP, US06, SC03, and highway fuel economy driving cycles. Vehicles C, D and E were tested using all 4-phases of the FTP in place of the more typical, abbreviated 3-phase FTP (i.e., two complete UDDS cycles -see Appendix Figure 1 ). This allowed integration of emissions over a combination of phase-1/phase-2 and phase-3/phase-4 during testing, and increased PM sample-filter mass during testing.
Vehicles A and B were tested with the typical 3-phase FTP. The environmental conditions of the SCO3 test were simulated using a modified version of the AC2 test procedure as previously described. 1 Testing was repeated 3 to 4 times over the FTP and US06 drive cycles, and 5 to 6 times over the SC03 drive cycle. The results from each drive cycle were averaged and 95 % confidence intervals were calculated based on a twosided (α=±0.025) Student's t-test.
FACILIITIES
Vehicle testing was conducted at the U.S. EPA-NVFEL in Ann Arbor, MI USA (Figure 1 ). The vehicles were tested using a 48"-diameter single-roll, electric chassis dynamometer. Laboratory analytical systems for Vehicles A through D have been previously described. Vehicle-E was tested using a recently upgraded diesel test site (Site-A001). Table 3 contains a summary of the analytical systems used for both vehicle test sites.
RESULTS
FTP RESULTS
Emissions and fuel economy results over the FTP are summarized in Table 4 . NOx and PM emissions for each of the tested vehicles and current light-duty diesel vehicles are also compared in Figure 2 . PM emissions over the FTP were very low for all of the vehicles tested, and ranged from approximately 10% to 60% of the Tier 2 Bin-5 PM standards. NOx and NMHC emissions were at or just under the Tier 2 Bin-5 50,000 mile emission standards for all of the tested configurations except for the 60,000 mile configuration of Vehicle-C. Although only Vehicles C and E were tested with exhaust emission control systems thermally aged to 50,000 miles or more, all of the vehicles tested still demonstrate the significant progress that has been made in light-duty diesel NOx emission control, with NOx reduction efficiencies that are likely in the range of 50 to 80% over the FTP.
Vehicle-E was the first light-duty diesel vehicle tested by EPA to demonstrate the level of NOx emissions control and system durability that will be needed to meet 50,000 mile Tier 2 Bin-5 emission standards.
In contrast to Vehicle-E, the NOx emissions for the 60,000 mile configuration of Vehicle-C were much higher, and NOx control appears to have degraded considerably from the relatively low-mileage configuration of Vehicle-C. EPA has not yet tested configurations of the other vehicles at higher accumulated mileages, but published data from testing of other Toyota Avensis D-CAT vehicles similar to Vehicle A indicates considerably less degradation of NOx emissions performance at 60,000 miles than what was observed for Vehicle-C. 5 The coefficient of variance for PM emissions was significantly reduced for testing with Vehicle-E. This was likely due to sampling system improvements and improvements to analytical techniques implemented immediately prior to the testing of this vehicle.
Coefficients of variance for NOx and NMHC emissions were also marginally improved for Vehicle-E in comparison to the other vehicles tested. The methane correction applied for the calculation of NMHC was very high for all of the vehicles tested, ranging from approximately 50% to 80% of the THC measured versus the typical sub-5% methane correction for conventional light-duty diesel vehicles.
Methane emissions decreased for the 60,000 mile configuration of Vehicle-C when compared to the low-mileage configuration of Vehicle-C. The manufacturer confirmed that vehicle calibration and NOx regeneration frequency did not change between the 60,000 and low mileage configurations that were tested, thus it appears that catalyst activity may have an impact on methane emissions levels from this vehicle. Further study of this phenomenon is warranted. Vehicle-E demonstrated NMHC+NOx and PM emissions levels capable of meeting Tier 2 SFTP Intermediate-Life Standards. The SFTP NMHC+NOx emissions for Vehicle-E were at approximately half the Tier 2 Intermediate-Life standard. It is not known if this vehicle met the 4,000 mile Tier 2 SFTP standard as the vehicle was only tested in a 50,000 mile configuration. The NMHC+NOx emissions for the 60,000 mile configuration of Vehicle C were just above the Tier 2 Intermediate-Life Standards.
NMHC+NOx emissions of the loweraccumulated-mileage configurations of Vehicles A through D were at or just below than the Tier 2 4,000 mile standard over the SC03, but NMHC+NOx emissions for Vehicles A through D ranged from near the standard to almost 4 times the Tier 2 4,000 mile standard over the US06.
NOx emissions for the low-mileage configuration of Vehicle-C were highly variable over the SC03. Modal hydrocarbon emissions analysis indicated variation in the occurrences of NOx regeneration events from testto-test. This phenomenon was not observed during testing of the vehicle in the 60,000 mile configuration, and the manufacturer indicated that calibration did not change between the two tested conditions. No specific cause was identified. 
FUEL ECONOMY
Fuel economy for the tested vehicles is summarized in Table 6 . The primary focus of EPA's light-duty diesel testing has been on emissions performance. A detailed analysis of the fuel economy of the tested vehicles with comparisons to current vehicles of comparable size, weight, interior volume, performance, aerodynamic drag, emissions and intended usage was beyond the intended scope of this work. The tested vehicles were emissions development prototypes and thus by nature represent a first generation of "work in progress". The resulting fuel economy of these vehicles may differ considerably from that of fully developed, production-ready vehicles. Still, general comparisons of measured fuel economy to that of current U.S. light-duty vehicles may be useful in determining if the fuel economy advantage of diesel vehicles over conventional gasoline SI vehicles can be largely maintained as light-duty diesels begin to approach relative parity with respect to emissions.
General comparisons were made of the fuel economy of the tested vehicles to values reported in the U.S. DOE/U.S. EPA "Model Year 2004 Fuel Economy Guide". 6 The comparisons were primarily limited to vehicles certified to Tier 2 Bin-8 or cleaner emission standards. There were distinct differences in vehicle performance when comparing Vehicles A, B, and D to Vehicles C and E. Vehicles C and E were "high performance" vehicles with power-to-weight ratios and high torque-outputs sufficient for near-8-seocnd 0 to 60 mph acceleration, thus they were treated separately as high performance vehicles and compared to vehicles in the "Fuel Economy Guide" of somewhat similar acceleration performance. Comparisons to vehicles in the "Fuel Economy Guide" were also limited to vehicles that were in the same "Vehicle Class", which is determined solely by vehicle interior volume.
Fuel economy for Vehicles A, B, and D was approximately 16 to 20% higher than conventional gasoline SI vehicles of comparable vehicle class. Fuel economy for Vehicles C and E was approximately 25% to 42% higher than comparable gasoline SI high performance vehicles.
There are currently no light-duty diesel vehicles sold in the U.S. certified to Tier 2 Bin-8 or cleaner. The 2004 VW Jetta Diesel (both "Small Wagon" and "Compact Car" models) is certified to Tier 2 Bin-10. Fuel economy for Vehicles A, B, and D was approximately 8% less than that of 2004 VW Jetta Diesel models of comparable "Vehicle Class". EPA expects that this gap will begin to close with further vehicle development. There are currently no "high performance" light-duty diesel passenger cars sold in the U.S. comparable to Vehicles C and E.
CONCLUSIONS
All five of the light-duty diesel vehicles tested have demonstrated the significant progress in NOx and PM emission control that has been achieved recently by vehicle manufacturers and automotive systems integrators. All of the vehicles tested relied primarily on NOx adsorption catalyst technology for NOx control and PM-trap technology for PM control. In all cases, PM emissions were very low, and ranged from approximately 10% to 60% of the Tier 2 Bin-5 PM emission standard. The most significant demonstration of progress was the improved durability of catalytic NOx emission control demonstrated by vehicle E, which was the most recently tested vehicle. Vehicle-E was the first vehicle tested by EPA that demonstrated Tier 2 Bin-5 NOx emissions levels following a significant degree of aging of the emission control system. NOx control over the US06 continues to be a primary focus of attention in the development of clean diesel vehicles due to high NOx emission rates at both the high space velocities and high temperatures encountered, and the resulting short time windows available for NOx storage and regeneration.
Vehicle-E demonstrated emissions that would meet the interim (2004-2006) Tier 2 SFTP standards. Additional testing will be necessary to determine the level of NOx emission control at the statutory full-useful-life (120,000 miles) for this new class of clean light-duty diesel vehicles.
EPA is working jointly with the U.S. DOE through its APBF-DEC program to evaluate progress made with improved NOx adsorption catalyst formulations. Future testing will be conducted using Vehicle-D, and will include the effects of the accumulation of approximately 10,000 miles, 50,000 miles and 120,000 miles of vehicle operation. EPA also has plans to evaluate additional "second generation" prototype light-duty diesel vehicles from vehicle manufacturers in order to assess their progress in meeting the full-useful-life Tier 2 emission standards.
